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Final goal

- To generate narrow band ~1 THz waves with micro-bunch beams.

THz wave

gu—

* 0.1 THz—10THz (30 um — 3 mm)
4 * transmitted through clothes, paper and plastics

" non-ionizing

THz waves are expected to be used in a wide range of scientific fields.

" Material science
Communication technology
Homeland security

_ Medical treatment

We would like to generate THz waves for applications.



Many THz sources using high energy electron beams have been proposed and developed.

—> CSR, Smith-Purcell radiation and transition radiation...
1

To generate THz waves, longitudinal bunch length should be 0 S ps

compressed to be < 0.3 mm (1 ps)
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Narrow band THz waves require a short period bunch structure. | S( \\

—> We use a micro-bunch beam with each spacing of 0.3 mm. 0.1
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How to make micro-bunch beams
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(D Beam acceleration with off-crest RF phase in a cavity.
(2 Beam separation in x (energy) plane using slits in chicane.
3 De-compression to reduce overlaps between micro-bunches.

Key points for a micro-bunch beam (longitudinal separation)

- Alarge energy chirped beam
- Small beam size o_=./¢g without dispersion at slits.
—> Flat beam is the optimal beam in this method.



Energy chirped beams at FAST

-35 deg. < RF phase < 35 deg.
(Assumed no chirp from a RF gun cavity)
1. CC1 off-crest and CC2 on-crest

01=%30 deg. and 82=0 deg.
— Energy chirp =-,+5.5 m-1

E

CCl1

max. compression
01=-30 deg.

B LT
Final energy: ~30 MeV over- compressmnE de-compression
CCl
2. CC1 on-crest and CC2 off-crest
01=0 deg. and 62=%30 deg.
— Energy chirp =-,45.5 m! o1
Final energy: ~30 MeV
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3. CC1 off-crest and CC2 off-crest
01=+30 deg. and 82=%+30 deg.
— Energy chirp =-,4#12.6 m?
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Energy chirp =-5.5 (-30 degs. CC1 or CC2)
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Expected micro-bunch beams and frequencies at FAST

Energy chirp=-5.5 (30 degs.), -12.5 (both off-crest phases :30 degs.)
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Indirectly micro-bunch beam measurements

By turning on a skew quad magnet after slits, a dispersion Y after chicane shows
energy modulations at the skew quad. - Vertical separated beam

X118

Sk t
ew magne X124

Beam dump

CcC2
Slits
: : K: K-value, D: slit’s spacing 950um
Vertical spacing: ¥y =(KL)R,, D ’ .
P g: v =(KD)E, L: magnet length, R34: transfer matrix
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Using a skew magnet in chicane, a vertical separated beam can be obtained.



Z-slicer studies

Total shifts
* 9 shifts during 10/20 - 12/1

# of Studies Objectives

1 (10/20) | To pass through electron beams into Chicane —>  Achieved

2 (10/28) | To produce micro-bunch beams with CC2 RF phase —> Achieved

3 (10/31) | To produce micro-bunch beams with CC1 RF phase —»> Achieved
To measure bunch length —> Achieved

4 (11/08) To measure micro-bunch beams scanning a skew quad using CC1 RF phase
—> Achieved

5 (11/10) | To measure micro-bunch beams at X124 because of Y dispersion —> Achieved
To measure bunch length —> Achieved

6 (11/16) | To measure micro-bunch beams with a streak camera —> Just preparation
To measure bunch length —»> Achieved

7 (11/20) | To measure micro-bunch beams with a streak camera —> ??7?

8 (11/28) | To measure micro-bunch beams with a pyrometer —> ???

9 (12/01) @ To measure micro-bunch beams with a pyrometer —» ???




Z-slicer studies

Study procedure for micro-bunch beams

RF gun CcCl1 cC2 Q112
o A MW H_I Qﬁ3 Skew mafnet X124
Q109
QO Slits - Beam dum
~Beam parameters~ [ spacing: 950 um P
| Width : 50 um
* Final beam Energy: ~30 MeV
* Bunch charge range: 200-260 pC/bunch Y H H H H H I H H H H % H H % H H I o
* Energy chirp range: from -5.5 t0 5.5 m1 = Ntt — Tamm
- Normalized emittance X: ~0.6 um e

1. Transmitted electron beams to the chicane (beam dump) without particle loss.

2. Made a small beam size in y-plane at X120 (after the chicane) due to an increase of
beam size Y when a skew quad is turned on. (By turning on skew magnet in the chicane,
we can extract information of energy modulation.)

3. Inserted the slits at the middle of the chicane.

4. Scanned RF phases of CC1 or CC2.

5. Measured micro-bunch beams with either a skew quad, a pyrometer or a streak camera.



Minimum energy spread

CC1 phase vs beam size CC2 phase vs beam size
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Minimum Energy spread: ~5.5x10%. Minimum Energy spread: ~5.4x10%.



Electron beam passing through the chicane (Study 1)

We transmitted electron beams to the low energy beam dump

Chicane currents for 30 MeV beams at 200 pC
(dipole 1, dipole 2, dipole 3, dipole 4) =(-3.734 A, 3.677 A, 3.684 A, -3.734 A)

Electron beams are centered in the beamline.
— ~100 % transmission to the beam dump (we checked beam currents)



A small beam size in y-plane at X120 (Study 2, 3)

Quads turned OFF before chicane
Beam optics from 107 to beam dump Beam distribution at X120 oy=0.34 mm
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— A small beam size in y-plane was made at X120 (after the chicane)



Micro-bunch beams (slits IN and RF phase scan ) (Study 4)

*RF phase scan (-29.4, 0, 10, 20, 30 deg.)
-Skew quad Q115 ON (0.905 A) to check micro-bunch beams

-29.4deg 0 deg. 30 deg.
(max. compression) (min. energy spread) 10 deg. 20 deg. (max. de-compression)

Separations in y-direction in turning on skew quad - Micro-bunch beams
Spacing is ~0.8 mm at each phase (almost independent of RF phases)

Spacing in y-plane: y=(KL)R,,D



Comparisons of measurements and simulations (Study 4)

Measurements (upper) and Simulations (lower)

-29.4 deg. (max. compression)

0 deg. (min. energy spread)

30 deg. (max. de-compression)

-29.4deg

0.8 m

0 deg. (on-crest)

—4x1 073 -2x107 0 251073

x (m)

41072

-2x1 072 0 2x107?

x (m)

Simulations were done with Elegant code.
Measured distributions are in reasonable agreement with simulations by Elegant.
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Beam distributions for different skew quad currents (Study 4)

Scanned skew quad current

CC1 phase: 30degs. (CC2 phase: min. energy spread)

Q115:0.75 A Q115:1.0A Q115:1.25A

CC2 phase: 30degs. (CC1 phase: min. energy spread)
Q115:0.8 A Q115: 1.0 A Q115: 1.2 A

Greater separations with an increase of skew quad current.



Comparisons of measurements and simulations (Study 4)

Beam distributions measured at X120
Q115: 0.8 A Q115:1.0A Q115:1.2A

5 mm .2 mm

Elegant simulations
K=2.7 [1/m?] K=3 [1/m?] K=4 [1/m?]

'~0.75 mm v ~0.85 mm -

- ~1.1mm

—2x1 073 0 2x1 073 4x] 073 R : - -
-2x1073 0] 2x1073 4x10°3 _ox] 03 0 2x10°3 4x] Q3

x (m) x (m) ()
Measured distributions are in reasonable agreement with simulations.



Vertical spacing depending on skew quad current (Study 4)

Spacing vs Skew quad current at X120
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* Vertical spacing at X120 is in proportional to skew quad current.
* There is not big difference between CC1 chirp and CC2 chirp.



Indirectly measurements of micro-bunch beam at X124 (Study 5)

When electron beam is focused on X124 (before beam dump), a beam separation in y-plane
occurs. (Orientation needs to be better understood, possibility optics differences. )
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Measured distributions are in reasonable agreement with simulations.



Micro-bunch measurements with a streak camera (study 7)

Signals measured with a streak camera at X121

-30 deg. w/o slits +40 deg. w/o slits
(max. compression) (de-compression)

= At 50 nC w/o slits, signals were detected using a streak camera.
But with slits, signals were not detected due to low transmission of <5%.
It is also difficult to increase charge due to radiation level.



Micro-bunch beam measurements with a pyrometer (Study 8, 9)

- Signals with a pyrometer at X121
Max. compression (-30 degs.) w/o slits, 50 nC
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* Signals were measured at the almost same beam conditions in two shifts,
but there was no reproducibility. (Bottom plots may be bremsstrahlung from slits)



Ongoing analysis

* Extraction of bunch length from transverse beam size vs RF phase.

 Detailed comparison of vertical images at X120 and X124 of theory,
simulations with measurements (separation, width of each dark stripe)

- Geant4 simulations for beam transmission through slits with different
transverse distributions from changes in the chirp.

- Expected improvements with flat beam optics.



Conclusions

Achieved
= Micro-bunch beams using slits in the chicane were produced.

* Images measured at X120 are in reasonable agreement with simulations.

* Images measured at X124 are in reasonable agreement with simulations.

- At max-compression without slits, THz radiations were detected using the
pyrometer at 50 nC.

Failed
* But at max-decompression with slits, radiations could not be detected
using a pyrometer (there was no reproducibility).

— (Not enough sensitivity of the pyrometer)
» Streak camera could not detect micro-bunch signals due to low charge

after slits.




We need to measure the radiation from a micro-bunched beam directly.

* Measurements using a bolometer which is more sensitive than pyrometer.
Observed at AO with similar slits at 15 pC/bunch after 3% transmission
Piot et al. Appl. Phys. Letter. 98, 261501 (2011)

- Measurements using a pyrometer.
— Is it possible to increase radiation shields around chicane after slits?

* Measurements using low emittance beam (flat beam), higher energy beam
(~50 MeV).

- Studies with both cavity off-crest phases (CC1 & CC2: -35 degs.)
— Higher frequency (~1 THz)
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Thank you for your attention




Beam emittance

E €x geometric €7 geometric Bxq108 Byquoe axquoe | Ayqioe €xnorm €ynors
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Beta functions and phase advances
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Beam position Y at X124 [mm]

Min. energy spread and on-crest phases

CC1 phase vs beam size CC2 phase vs beam size
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On-crest CC1 phase = 213 degrees On-crest CC2 phase: =267degs.



